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Ever since the pioneering work of Bardeen, Cooper and Schrieffer in the 1950s, exploring novel
pairing mechanisms for fermion superfluids has become one of the central tasks in modern physics.
Here, we investigate a new type of fermion superfluid with hybridized s- and p-wave pairings in
an ultracold spin-1/2 Fermi gas. Its occurrence is facilitated by the co-existence of comparable
s- and p-wave interactions, which is realizable in a two-component 40K Fermi gas with close-by
s- and p-wave Feshbach resonances. The hybridized superfluid state is stable over a considerable
parameter region on the phase diagram, and can lead to intriguing patterns of spin densities and
pairing fields in momentum space. In particular, it can induce a phase-locked p-wave pairing in the
fermion species that has no p-wave interactions. The hybridized nature of this novel superfluid can
also be confirmed by measuring the s-wave and p-wave contacts, which can be extracted from the
high-momentum tail of the momentum distribution of each spin component. These results enrich
our knowledge of pairing superfluidity in Fermi systems, and open the avenue for achieving novel
fermion superfluids with multiple partial-wave scatterings in cold atomic gases.
I. INTRODUCTION
Fermion superfluid is one of the central research topics
in modern physics. In recent years, ultracold Fermi gases
have emerged as an excellent platform for the study of
fermion superfluid in the strong-coupling regime via the
Feshbach resonance (FR) technique [1]. Apart from the
widely explored s-wave FRs, the p-wave FRs have also
been realized in ultracold Fermi gases of 40K [2, 3] or
6Li [4] atoms. The s- and p-wave FRs are associated
with distinct fermion superfluids. Across an s-wave FR,
the pairing superfluid undergoes a smooth crossover from
the Bardeen-Cooper-Schrieffer (BCS) regime with weakly
bound Cooper pairs to the Bose-Einstein condensation
regime with tightly bound molecules [5, 6]. While across
a p-wave FR, the pairing superfluid can go through a
phase transition which is characterized by a change of the
pairing field orientation with respect to the external mag-
netic field [7, 8]. Such a dramatic difference originates
from their contrastive pairing symmetries: for the s-wave
case, a Cooper pair is a spin singlet with isotropic orbitals
regardless of the interaction strength; the p-wave case,
however, features spin-triplet pairing with anisotropic or-
bitals, which renders the pairing very sensitive to the
relative interaction strengths along different orbital ori-
entations.
Near a p-wave FR, atom losses have been generally
considered to prohibit a global equilibration throughout
the system. However, a quasi-equilibration can still be
reached at short time scales, as has been demonstrated
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FIG. 1. (Color online). Feshbach resonances(FR) of 40K
atoms. Black lines show the p-wave scattering volume ν (in
unit of a30, a0 is Bohr radius) and red line shows the s-wave
scattering length as (in unit of a0). The s-wave FR between
atomic hyperfine states |F = 9/2,mF = −7/2〉 ≡ | ↑〉 and
|F = 9/2,mF = −9/2〉 ≡ | ↓〉 occurs at B = 202.1G (with a
width of 8G), which is very close to the p-wave FRs between
two | ↑〉s at 198.3G and 198.8G (with a width of 0.5G), re-
spectively with orbital angular momentum l = 1,m = ±1 and
l = 1,m = 0.
in a Bose-Einstein condensate following a quench into
regimes with large s-wave scattering length and consid-
erable atom losses [9]. Indeed, in a very recent experi-
ment [3], a steady state with strong p-wave correlations
has been achieved in a Fermi gas at a low temperature
T = 0.2TF (TF is the Fermi temperature) within a time
scale of ∼ 0.5ms. It is thus hopeful that pairing physics
can be explored near a p-wave FR at lower temperatures,
where a steady state with interesting pairing correlations
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2can be probed before atom losses become dominant.
In this work, we investigate a new type of fermion su-
perfluid, where the aforementioned two distinct pairing
symmetries co-exist and hybridize with each other. Such
a superfluid is facilitated by the presence of both s- and p-
wave interactions with comparable strengths, which can
be realized in Fermi gases of 40K atoms near a magnetic
field of B ≈ 198G [2]. As illustrated in Fig. 1, for the
two hyperfine states |F = 9/2,mF = −7/2〉 ≡ | ↑〉 and
|9/2,−9/2〉 ≡ | ↓〉, the s-wave (between | ↑〉 and | ↓〉)
and the p-wave (between two | ↑〉s) FRs are sufficiently
close to each other. This physical system offers a promis-
ing platform to investigate the effects of multiple partial-
wave scatterings on the pairing superfluidity of fermions,
as we will address in this work.
To characterize the novel hybridized fermion super-
fluid, we first consider the case of isotropic p-wave in-
teractions. We show that in the hybridized superfluid
state, the spin densities and the pairing fields exhibit in-
triguing patterns in momentum space that are drastically
different from those of a conventional superfluid. We find
an induced p-wave pairing between the | ↓〉 states, which
have no p-wave interactions. Interestingly, the phases of
the p-wave pairing between the | ↑〉 states and that be-
tween the | ↓〉 states are locked to be conjugate with each
other through the hybridization with the s-wave pairing.
Such a hybridization can also manifest itself in the mea-
surement of the s-wave and p-wave contacts, which can
be extracted from the high-momentum tail of the mo-
mentum distribution of each spin component. Finally,
we point out the rich orbital structures of the hybridized
superfluid states under typical experimental conditions
with anisotropic p-wave interactions.
II. FORMALISM
We start from a two-channel Hamiltonian, Ω = H −∑
σ µσNσ, for spin-1/2 fermions:
Ω =
∑
k,σ=↑,↓
(εk − µσ)a†kσakσ +
∑
q,α
(εbq + α − 2µ↑)b†qαbqα
+
U
V
∑
kk′p
a†k,↑a
†
p−k,↓ap−k′,↓ak′,↑
+
∑
kqα
g(|k|)√
V
kα(b
†
qαa q2 +k,↑a q2−k,↑ + h.c.), (1)
withN↓ =
∑
k a
†
k↓ak↓, N↑ =
∑
k a
†
k↑ak↑+2
∑
q,α b
†
qαbqα.
Here, a†k,σ is the creation operator of spin-σ atom with
momentum k and energy εk = k
2/(2M); b†qα is the cre-
ation operator of a p-wave bosonic molecule with mo-
mentum q, kinetic energy εbq = q
2/(4M), and detun-
ing α (the direction of spin-polarization α = x, y, z);
g(|k|) = gθ(Λ − |k|) is the p-wave coupling between a
bosonic molecule and two spin-↑ atoms with relative mo-
mentum k (here Λ is the momentum cutoff, θ(x) is the
Heaviside step function). The bare p-wave coupling g, the
detuning α, and the momentum cutoff Λ are related to
the scattering volume να and the effective range k0 [10]:
1
να
= −6piα
Mg2
+
2
3pi
Λ3, (2)
k0 = − 12pi
M2g2
− 4
pi
Λ. (3)
U gives the bare s-wave interaction, which is related to
the s-wave scattering length as by the renormalization
relation: 1/U = M/(4pias) − 1/V
∑
k 1/(2εk), with V
the volume of the system. In this work we set ~ = 1 for
convenience.
Based on the standard BCS theory, we define two pair-
ing fields ∆p =
U
V
∑
k〈ap−k,↓ak,↑〉 and λqα = g√V 〈bqα〉,
which are respectively the pairing order parameters of the
s- and the p-wave superfluids. In this work we consider
zero total momentum for each pairing state [11], and de-
note ∆p=0 ≡ ∆, λq=0,α ≡ λα. The Hamiltonian can
then be written as Ω =
∑
k>0 ψ
†
kHkψk + Const., where
the vector operator ψk =
(
ak,↑, a
†
−k,↑, ak,↓, a
†
−k,↓
)T
, and
the matrix Hk is given by: εk − µ↑ −2θ(Λ− |k|)λ¯ 0 ∆−2θ(Λ− |k|)λ¯∗ −ε−k + µ↑ −∆∗ 00 −∆ εk − µ↓ 0
∆∗ 0 0 −ε−k + µ↓

with λ¯ =
∑
α kαλα. By diagonalizing the matrix as
H¯k = S
−HkS ≡ Diag(Ek1, Ek2, Ek3, Ek4) with the eigen
operator ψ¯k = S
−ψk ≡
(
αk, α
†
−k, βk, β
†
−k
)T
, Ω can be
reduced to:
Ω =
∑
k>0
[
4∑
i=1
Ekiθ(−Eki) + 2(εk − µ)
]
+
∑
α
α − 2µ− 2h
g2
|λα|2 − V
U
|∆|2, (4)
where we have used µ = (µ↑ + µ↓)/2, h = (µ↑ − µ↓)/2.
The ground state of the system can then be determined
by minimizing Ω in terms of ∆ and λα. Due to the
gaugeable global phase for both the s- and the p-wave
pairing fields, we set ∆ to be real and denote the vector
~λ ≡ (λx, λy, λz) as ~λ = ~u+ i~v with ~u · ~v = 0 [7].
III. PHASE DIAGRAM
To capture the essential physics of a hybridized super-
fluid, we first consider the simple case of isotropic p-wave
interactions, i.e., all α are equal. It follows that ~u and
~v have a simultaneous SO(3) rotational symmetry in the
coordinate space. For convenience, we choose ~u = uzˆ
and ~v = vxˆ. In this case, the p-wave superfluid is always
3FIG. 2. (Color online). (a) Ground-state phase diagram in
the (µ, h) plane with interaction parameters as = 25/|k0|,
1/να = 0, and the p-wave cutoff Λ = 0.75|k0|. µ, h are in
the unit of Eu = k
2
u/(2M), with ku = |k0|/10. The diagram
includes the vacuum (VAC), the normal phase (N) and various
superfluid phases (S, P, S+P). The solid (dashed) lines are the
phase boundaries for first-order (continuous) transitions. The
magenta region in-between N and S is the breached pairing
phase [14, 15, 18–22], which is only stabilized in a small region
in the phase diagram with µ/E2b ∈ (−0.5,−0.4) (here E2b =
1/(Ma2s) is the two-body binding energy). The background
color denotes the spin polarization P = (n↑ − n↓)/(n↑ + n↓).
associated with the p+ ip pairing symmetry, reminiscent
of the A phase in 3He [16, 17].
In Fig. 2, we show a typical ground-state phase dia-
gram in terms of the chemical potentials (µ, h) at the
p-wave resonance 1/να = 0. Based on the parameters
of 40K atoms near the B ≈ 198G p-wave resonance with
k0 = −8×108m−1 and as = 3.15×10−8m [2], we set the
interaction parameter |k0|as = 25 and the p-wave cutoff
Λ = 0.75|k0|, and use ku = k0/10 as the momentum unit.
We can see that by adjusting µ and h, the system can
exhibit various superfluid phases, including the purely s-
wave superfluid with ∆ 6= 0, u = v = 0 (S), and the
purely p + ip superfluid with ∆ = 0, u = v 6= 0 (P). Of
particular interest here is the superfluid with co-existing
s- and p-wave pairing orders: ∆ 6= 0, u = v 6= 0 (S+P),
which emerges in-between S and P phases on the phase
diagram. By examining the continuity property of the
pairing amplitudes (∆, u, v) and the spin densities across
the phase boundaries, we find that the transition between
S and S+P is continuous, while that between S+P and P
is of first order. These phase transitions can be observed
directly by measuring density profiles of a trapped gas.
As suggested by Fig. 2, from the trap center to the edge
there could exist different sequences of phases, for in-
stance, (S+P)–P (for N↑ > N↓) or (S+P)–S–Normal (for
N↑ < N↓). At the (S+P)–P phase boundary the spin
densities change discontinuously, while at the (S+P)–S
boundary the spin polarization continuously goes to zero.
IV. SUPERFLUID WITH HYBRIDIZED
PAIRINGS
In the following, we focus on the exotic S+P super-
fluid state, where both the s- and p-wave pairings are
present. As shown in Fig. 2, this state exists for a spin-
imbalanced system with more spin-↑ than spin-↓ atoms.
However, the characterization of this state is far beyond
a simple superposition of the s-wave pairing between an
equal number of different spins and the p-wave pairing in
the remaining spin-↑ atoms. We will demonstrate that
the two pairing fields are in fact coherently entangled
with each other, which leads to dramatic physical conse-
quences as shown below.
We start from the ground state wave function:
|ΨG〉 =
∏
k>0
4∏
i=1
γk,i|vac〉, (5)
with γk,1 = θ(Ek1)αk + θ(−Ek1)α†k, γk,2 =
θ(−Ek2)α−k+θ(Ek2)α†−k, γk,3 = θ(Ek3)βk+θ(−Ek3)β†k,
γk,4 = θ(−Ek4)β−k + θ(Ek4)β†−k. For any given k and
Eki, one can expand γk,i in terms of {akσ, a†kσ}, and fi-
nally we arrive at a general form of the wave function:
|ΨG〉 =
∏
k>0
(
uk + v
↑↑
k a
†
k,↑a
†
−k,↑ + v
↓↓
k a
†
k,↓a
†
−k,↓+
v↑↓k a
†
k,↑a
†
−k,↓ + v
↓↑
k a
†
k,↓a
†
−k,↑ + v
(4)
k a
†
k,↑a
†
−k,↓a
†
−k,↑a
†
k,↓
)
|vac〉.
(6)
It can be easily checked that for a pure s- or p-wave
superfluid, the intra- and inter-species pairing terms, vσσk
and vσσ¯k , cannot exist simultaneously for any given k;
while for the hybridized superfluid they can co-exist and
produce non-zero order parameters for both the s- and
p-wave pairings. Furthermore, the co-existence of uk and
v↓↓k implies an induced p-wave pairing within the spin-↓ atoms, which, according to the original Hamiltonian
(Eq. 1), do not have any p-wave interactions at all.
In Fig. 3(a-c), we show the typical contour plots
of s- and p-wave pairing fields in momentum space
for the hybridized superfluid phase. We can see that
the s-wave pairing 〈a−k,↓ak,↑〉 is always isotropic in
momentum space (Fig. 3(a)), while the p-wave pair-
ing 〈a−k,↑ak,↑〉 (b1,b2) and the induced p-wave pairing
〈a−k,↓ak,↓〉 (c1,c2) show quite novel structures compared
to the purely p-wave case. In particular, the phases of
these two p-wave pairing fields are locked to be conjugate
to each other, i.e., if the pairing between ↑, ↑ is of the type
of p+ip, then the pairing between ↓, ↓ will be p−ip. This
can be seen clearly from the real and imaginary parts of
pairing fields in (b1,b2) and (c1,c2).
The correlated p-wave pairings in different spin species
is an essential consequence of the hybridization of s- and
p-wave pairings. As schematically shown in Fig. 3(d), a
p+ ip superfluid quasi-particle is superposed by ak,↑ and
4FIG. 3. (Color online). Contour plots of pairing fields and density distributions in the momentum space (ky = 0) for the
hybridized superfluid phase at µ = Eu and h = 0. (a) is for s-wave pairing; (b1) and (b2) are the real and imaginary parts of
p-wave pairing between spin-↑; (c1) and (c2) are the real and imaginary parts of the induced p-wave pairing between spin-↓.
(d) Schematics for the mechanism of induced p-wave pairing with a locked phase. (e1, e2) momentum distributions of total
density n(k) and spin density δn(k). All momenta are in the unit of ku, and all densities are in unit of 1/k
3
u.
a†−k,↑ with a phase e
iφk(φk = arctan(kz/kx)) inbetween;
when they individually couple to a†−k,↓ and ak,↓ by s-
wave pairing, the phase is effectively transferred to these
spin-↓ operators, and finally a conjugate phase (e−iφk) is
produced, which gives rises to the induced p− ip pairing
between spin-↓ atoms. The mutual phase locking be-
tween the two p-wave pairing fields is intrinsic to the s-
and p-wave hybridized pairings, regardless of the symme-
try of the p-wave interaction (isotropic or anisotropic in
orbitals).
We note that the intriguing phenomenon of induced
pairing is a unique feature of our system. It is funda-
mentally different from the co-existence of pairing corre-
lations reported in previous studies. For example, the co-
existence of s- and p-wave pairings has been investigated
in a fermion superfluid with long-range dipole-dipole in-
teractions, which naturally contain all partial-wave com-
ponents [23], or in a spin-imbalanced Fermi gas with s-
wave interactions [24]. In these cases, the p-wave pairing
is either spin independent [23], or driven by spin/density
fluctuations and thus quite small in strength [24]. In our
system, the induced p-wave pairing is due to the inter-
play of the s- and p-wave interactions, which gives rise
to an appreciable pairing strength (see Fig. 3(c1,c2)).
The hybridized nature of the S+P state is also reflected
in the momentum-space density distributions n(k) =
n↑(k) +n↓(k) and δn(k) = n↑(k)−n↓(k) in the (k⊥, ky)
plane, with k⊥ =
√
k2z + k
2
x (see Fig. 3(e1,e2)). At k = 0,
the p-wave pairing field vanishes, and the remaining s-
wave pairing order requires δn(0) = 0. The largest spin
imbalance occurs at a finite momentum k⊥ ∼ ku, where
the p-wave pairing, and through hybridization, the s-
wave pairing as well, show the strongest amplitudes (see
Fig. 3(a,b1,b2)).
V. CONTACTS
Practically, the hybridized superfluid can also be rec-
ognized in the measurement of contact [25], a physical
quantity connecting the microscopic two-body physics
with the thermodynamics of a many-body system [25–
30]. Experimentally, the s- and p-wave contacts have
been successfully extracted in cold atoms experiments,
respectively, in an unpolarized spin-1/2 Fermi gas [31–
33], and in a fully polarized Fermi gas [3]. In our system
with mixed s- and p-wave interactions, the contactscan
be individually defined through the adiabatic relations
5under the grand canonical ensemble:
∂Ω
∂(−1/as) |µ,h =
Cs
4piM
, (7)
∂Ω
∂(−1/να) |µ,h =
C
(α)
p,ν
4piM
, (8)
∂Ω
∂k0
|µ,h =
∑
α C
(α)
p,R
4piM
. (9)
Here, Cs is the s-wave contact [25–27], and C
(α)
p,ν , C
(α)
p,R
are the p-wave contacts [28–30] respectively related to
the scattering volume and the effective range. In the
case of isotropic p-wave interactions with να = ν, Eq. (8)
can be replaced by ∂Ω/∂(−1/ν)|µ,h = Cp,ν/4piM , with
Cp,ν =
∑
α C
(α)
p,ν .
The contacts defined in Eqs. (7-9) uniquely determine
the high-momentum tail of the spin-σ (σ =↑, ↓) momen-
tum distribution nσ(k). Following the standard deriva-
tions in Ref. [25–30], we obtain the following asymptotic
behavior of nσ(k) for kF  k  Λ (k ≡ |k|, kF is the
Fermi momentum):
n↓(k)→ Cs
k4
, (10)
n↑(k)→ Cs
k4
+
∑
m
4pi|Y1m(kˆ)|2
[C(m)p,ν
k2
+
C
(m)
p,R
k4
]
. (11)
Here, {C(m)p,ν/R} (m = 0,±1) are the projections of
{C(α)p,ν/R} (α = x, y, z) in the magnetic angular momen-
tum space. For the experimentally relevant cases, we
have C
(0)
p,ν/R = C
(z)
p,ν/R and C
(±1)
p,ν/R = C
(x,y)
p,ν/R. Eqs. (10,11)
show that the momentum distribution is highly asymmet-
ric in spin. In particular, the distribution of the spin-↑
component exhibits a quite non-trivial high-momentum
tail, which is due to the involvement of both the s- and
the p-wave interactions. In contrast, the spin-↓ compo-
nent follows the same 1/k4 distribution as in the s-wave
case, since the induced p-wave pairing within the spin-↓
species is purely a low-energy effect and does not gen-
erate additional high-momentum or short-range physics.
Given Eqs. (10,11), both the s- and the p-wave contacts
can be directly extracted from the time-of-flight measure-
ment in experiments.
In Fig. 4, we show Cs and Cp,ν across the p-wave FR,
for the cases of pure s-wave superfluid (S), pure p-wave
superfluid (P), and hybridized superfluid (S+P). A dis-
tinguished feature of the S+P hybridized superfluid is
that both Cs and Cp,ν are finite, while we have Cs = 0
for P and Cp,ν = 0 for S state. Moreover, we have checked
that for the S+P state, the s-wave contact Cs sensitively
depends on the variation of the p-wave scattering volume
(ν) even with the s-wave scattering length (as) fixed.
Similarly, the p-wave contact Cp,ν depends on the varia-
tion of as with ν fixed. All these properties of contacts
unambiguously confirm the co-existence and hybridiza-
tion of the s- and the p-wave pairings. Thus the contacts
0
0.2
0.4
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[V
⋅
 
k u4
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0
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B(G)
(b)
S
S+P
P
P
S+P
S
FIG. 4. (Color online). The s-wave (a) and the p-wave
(b) contacts for the S, P and S+P states as the system
crosses the p-wave resonance, with the magnetic field chang-
ing from 198G to 199.3G (assuming νx,y follow the variation
of νz in Fig. 1 and να = ν). We choose (µ/Eu, h/Eu) =
(0.3,−0.25), (0.25, 0.25), and (0.25, 0) respectively for the S,
P and S+P states.
measurement can serve as another effective tool for the
detection of hybridized superfluid in experiments.
VI. EFFECT OF ANISOTROPIC P-WAVE
INTERACTION
In the previous discussions, we have demonstrated the
key features of the hybridized superfluid phase under an
isotropic p-wave interaction. In 40K Fermi gases, the p-
wave interactions are typically anisotropic (see Fig. 1). In
Fig. 5, we map out the phase diagram in the (µ, h) plane
under a typical anisotropic p-wave interaction: 1/νz = 0
and 1/νx = 1/νy = −k3u. The only essential difference
from the isotropic case is that the p-wave pairing states
here (both the P and the S+P phases) have richer inner
structures. Namely, the original p± ip pairing (in Fig. 3)
is now replaced by pz (u 6= 0, v = 0) or pz + iβpx (β <
1, 0 < v < u) pairings, depending on the densities of two
spin species. In this case, the hybridized superfluid phase
(S+P) still occupies a considerable region in the phase
diagram, and its key features, as discussed previously,
are not qualitatively altered by the anisotropy of p-wave
interactions.
60 1 2 3 4
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−0.5
0
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E u
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+iβ P
x
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z
P
z
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+iβ P
x
FIG. 5. (Color online). Ground-state phase diagram in the
(µ, h) plane for anisotropic p-wave interactions with 1/νz = 0
and 1/νx = 1/νy = −k3u. The other parameters are the same
as in Fig. 2.
VII. SUMMARY AND DISCUSSION
To summarize, we have revealed a new type of fermion
superfluid in spin-1/2 Fermi systems with hybridized s-
and p-wave pairings. We demonstrate various non-trivial
properties of such a hybridization, such as the phase lock-
ing of the induced p-wave pairing, the novel structure of
pairing fields in momentum space, and the co-existence
of s-wave and p−wave contacts. These features can be
detected from the measurement of number distribution in
real and momentum space in two-component 40K Fermi
gases with very close s- and p-wave FRs near B ≈ 198G.
All the features of the hybridized superfluid indicate
that it is a highly entangled state that unifies different
pairing symmetries in a single system. Such an entan-
glement emerges on the many-body level (rather than
two-body), and is therefore a collective phenomenon due
to Cooper pairs. Moreover, such a superfluid can ac-
commodate large spin magnetization in a considerably
broad parameter regime (see Fig. 1), in contrast to previ-
ously discussed magnetized superfluids such as the Fulde-
Ferrell-Larkin-Ovchinnikov state, whose stability region
in three dimension is typically small on the phase dia-
gram.
The discovery of the hybridized superfluid enriches our
knowledge of pairing superfluidity in Fermi systems, and
opens a promising avenue for achieving novel fermion
superfluid with multiple partial-wave scatterings in cold
atomic gases. For instance, in future studies, it is worth-
while to address the hybridized pairing in lower spatial
dimensions, where the atom losses may be further re-
duced [34] due to the much less singular two-body wave
function at short range compared to the three dimen-
sional case. Furthermore, as the p-wave interaction in
lower dimensions can induce topological superfluid, the
hybridization could be even more intriguing as it would
involve not only different pairing symmetries, but also
different topology classes.
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